An optically active metallo-polymer assembly is demonstrated via conjugation of a genetically engineered elastin-like polypeptide (ELP) and a ruthenium(II) polypyridyl complex. By taking advantage of the phase transition of ELPs in water, photophysical properties of the resultant conjugate are investigated for both phases, below and above the critical transition temperature. Upon coacervation, the luminescence of the metallo-ELP is greatly enhanced as a consequence of local effects on the metal-ligand luminophore. These findings open a possibility to harness the temperature control of stimuli-responsive properties of biopolymers.
Introduction
With applications ranging from electronic displays to food and cosmetics, coacervates are ubiquitous in everyday life. Coacervation is also known to play a central role in proteinbased underwater adhesives used by sessile marine organisms [1] [2] [3] [4] [5] . Since natural and synthetic thermoresponsive polymers are amenable to supramolecular structural control through this type of local conformational change [6] [7] [8] [9] , introduction of optical moieties into such polymers has potential not only to enrich their functional capabilities but also to probe changes in properties upon coacervation. Therefore, exploring relationships between changes in local conformation and photophysical behavior of luminophores can lead to advances towards the informed manipulation and utilization of microenvironments, especially in the context of stimuli-responsive materials [10] .
Elastin-like polymers (ELPs) [11] [12] [13] are composed of repeats of the pentapeptide sequence Val-Pro-Gly-X-Gly (VPGXG; where X can be any amino acid except for Pro). These stimuli-responsive biopolymers exhibit phase-transition behavior that is sensitive to environmental conditions such as temperature, ionic strength, and pH [9, 14, 15] . Below a critical transition temperature (T t ), discrete ELPs are soluble in aqueous solution. However, when the temperature exceeds T t , ELPs undergo sharp conformational changes that result in coacervation [11] [12] [13] [14] [15] [16] [17] [18] .
Photoluminescent molecular probes based on transitionmetal complexes, especially those of ruthenium(II) with polypyridyl ligands, have been well-explored as reporters in optical sensing and bioimaging applications [7, 19, 20] . The photophysical properties of these complexes are sensitive to medium effects and the presence of analytes, which may cause luminescence quenching as reported by changes in emission intensity, spectral distribution, and excited-state lifetimes [21, 22] . Through the conjugation of this type of Ru(II) complex with an ELP, we present here a demonstration of how microenvironment changes can impact the optical properties of such metallo-bioconjugates as a response to coacervation. 
Materials and methods
Elastin-like polymer expression and purification were performed as previously reported [23, 24] . Following purification, the ELP was dialyzed into nanopure water, lyophilized, and stored at − 20 °C. The luminophore [Ru(bpy) 2 (aphen)](PF 6 ) 2 (Ru; bpy = 2,2′-bipyridine, aphen = 5-amino-1,10-phenanthroline) was prepared and characterized by well-established protocols [25] . Then, the conjugation of ELP with Ru was performed by amide coupling reaction as discussed below and depicted in Fig. 1 . Electrospray ionization time-of-flight (ESI-TOF) mass spectra were collected using a Waters SYNAPT G2 instrument with the capillary voltage set to 2.8 kV, cone voltage at 10 V, and source temperature at 100 °C. Voltammetry was performed using a CH Instruments CHI760E workstation and a three-electrode setup consisting of a glassy carbon working electrode, a Pt wire auxiliary electrode, and a standard Ag/AgCl reference electrode. UV-Vis absorption spectra were recorded on a Cary 300 spectrophotometer and small-volume sample cells. All measured spectra were corrected for solvent and optical background. Photoluminescence emission spectra were collected using a Horiba Fluoromax 4 spectrofluorometer. Sample solutions were fully deoxygenated before measurements. In lifetime measurements, the spectrofluorometer was coupled with a time-correlated single photon counting (TCSPC) system from Horiba Jobin-Yvon. The apparatus was equipped with a pulsed source (NanoLED) operating at 1 MHz and with excitation centered at 455 nm. Each measurement was terminated when a maximum peak preset of 20,000 photon counts was reached for the emission monitored at 600 nm. Analysis of PL decay profiles was performed with the Horiba DAS6 software.
Results and discussion
The ELP with repetitive VPGIG sequence (Fig. 1) was synthesized through recombinant expression from a commercially available E. coli host. The product was then purified using its lower critical solution temperature (LCST) and characterized by gel electrophoresis (SDS-PAGE), electrospray ionization mass spectrometry (ESI-MS), and thermogravimetric analysis (TGA) [23, 24] . This genetically engineered ELP comprises three carboxylate moieties, in the form of two aspartic acid residues (D) and the C-terminus of the polypeptide, for facile post-translational modifications via amide coupling with an NH 2 -functionalized moiety (here, one of the ligands within a Ru complex; Fig. 1 ).
As with other reported elastin-like variants [11] [12] [13] [14] [15] [16] [17] [18] , our engineered ELPs are soluble in aqueous solutions below the LCST and form a polymer-rich coacervate above the LCST [23, 24] . The transition temperature of the ELP construct in Fig. 1 was shown, via dynamic light scattering (DLS) measurements, to be between 20 and 25 °C (Fig. 2) .
In our previous work [23] , lanthanide-ELPs were assembled by complexation of Ln 3+ ions with a pre-conjugated ELP-tpy (where tpy is the ligand 2,2′;6′,2″-terpyridine) as a coordination-ready polymer-ligand platform. Using a different approach here, introduction of the metal-ligand luminophore into ELP was performed via conjugation of the pre-formed complex [Ru(bpy) 2 (aphen)] 2+ (Ru; where bpy is 2,2′-bipyridine and aphen is 5-amino-1,10-phenanthroline) by amide coupling reaction [7] using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) in the presence of N-hydroxysulfosuccinimide (sulfo-NHS), as depicted in Fig. 1 . In a typical reaction, a solution of ELP (2.0 mg/mL) in 50 mM sodium phosphate buffer (pH 7.0) was mixed with 50-fold excess of the freshly prepared EDC/sulfo-NHS system for 30 min, followed by addition of Ru and continuous stirring for 24 h at 4 °C. The conjugated product (ELP-Ru) was purified by dialysis, lyophilization, and repeated washing by organic solvent to ensure removal of unreacted Ru. The ESI mass spectrum of conjugate ELP-Ru (Fig. 3 ) displays a major peak with m/z = 15,781.0 for the species {ELP[(Ru•NaPO 4 ) 3 ]}+, the product of Ru conjugation with all three carboxylate sites available within ELP (two D residues plus the C-terminus). As confirmation, a minor peak for Ru-free ELP is observed at m/z = 13,645.0, which subtracted from the mass of the conjugate (15,781.0) gives 2136.0 [the mass equivalent of three Ru and associated counterions (2190) minus the three water molecules (54) released by amide coupling in the conjugation].
Additional evidence for the metallo-polymer conjugate comes from the significant perturbation of the metal-based redox potentials relative to the polymer-free luminophore. The Ru(II)/Ru(III) oxidation was observed at 1.18 and 0.79 V (vs Ag/AgCl) for Ru and ELP-Ru, respectively. As with our ELP-lanthanide conjugates [23] , such a significant cathodic shift in the redox potential seems to reflect the tendency of the ELP microenvironment toward stabilization of trivalent metal ions with respect to their reduced divalent species.
The optical properties of the luminophore alone (Ru) in aqueous solution (phosphate buffer, pH 7.0) were studied by absorption and emission spectroscopy. The absorption band with a maximum at 455 nm is the characteristic signature of dπ(Ru II ) → π L * transitions associated with the metal-to-ligand charge transfer (MLCT) in Ru(II)-bpy/phen complexes [26] [27] [28] . Beyond the visible region, there are also intense UV absorptions corresponding to ligand-centered π → π* transitions, but these do not contribute to the MLCT-based luminescence of Ru. Following photoexcitation within the MLCT absorption band, the initially formed singlet excited state ( 1 MLCT) undergoes ultrafast intersystem crossing into the long-lived, triplet 3 MLCT excited state that then decays to the ground 1 GS state by phosphorescence emission [21, 26] . For Ru, the emission spectrum based on these 3 MLCT excited states displays a single, broad band centered at 609 nm. Upon excitation at 455 nm, the observed emission decay profile was fit to single exponentials to give a lifetime of 0.64 µs at room temperature. Because of the more rigid structure of phenanthroline compared to bipyridine, the pathway to vibrational (non-radiative) relaxations is lessened, thus slightly prolonging the lifetime of Ru relative to the well-known [Ru(bpy) 3 ] 2+ (λ em = 606 nm; τ = 0.58 μs) in the same conditions. As expected for discrete molecules of the luminophore in liquid solution, the emission intensity decreases as the temperature increases (Fig. 4 and Table 1 ).
The electronic spectra of the metallo-conjugate (ELP-Ru) show that the characteristic MLCT-based transitions are retained in the conjugate, with λ max at 454 and 610 nm for the absorption and emission bands. However, the plot of emission intensity as a function of temperature for ELP-Ru (Fig. 5) shows a sharp increase in intensity as the temperature approaches T t , above which it levels off. The temperature dependence of this nearly fourfold (Fig. 2) . Furthermore, the emission lifetime of ELP-Ru also appears to be significantly affected (i.e., prolonged) by the increase of temperature above T t , as suggested by the data in Table 1 . The observed behavior is presumably caused by medium effects, similarly to rigidochromism [29] . Since the contrasting changes in emission intensity and lifetime for ELP-Ru relative to Ru is induced by phase transition from solution to a coacervate environment, it seems reasonable that a conformational restriction imposed on the metal-ligand luminophore by the local microenvironment of coacervates is manifested in the enhanced photoluminescence properties of ELP-Ru as a function of temperature. This new finding is a key difference from our previous study of Ln-ELPs [23] , for which such temperature-dependent behavior was not observed. In fact, this difference appears to provide further support for the interpretation of results; while the lanthanide-based photoluminescence arises from internal f-f metal transitions that are insensitive to the conformation/rigidity of ligands surrounding the metal centers, the optical properties of the Ru luminophore are based on metal-ligand charge transfers (as discussed above) and therefore intrinsically sensitive to coordination-sphere effects.
Conclusion
We have found strong evidence for luminescence enhancement accompanying the coacervation of this first example of a Ru-ELP metallo-bioconjugate. The photophysical observations are consistent with medium effects on the optically active moiety (metal-ligand luminophore) arising from increased rigidity in the coacervate microenvironment. These findings may open new possibilities to harness the temperature-controlled coacervate microenvironment to modulate the properties of biopolymer conjugates [30] .
Fig. 5
Enhancement of the MLCT emission for the metallo-polymer conjugate ELP-Ru in aqueous solution (2.0 mg per mL of 50 mM phosphate buffer; pH 7.0) as the temperature increases from below T t (4 °C) to above T t (40 °C). The emission spectra were generated at λ exc = 455 nm
